Background and aims Competition is an important force shaping plant communities. Here we test the hypothesis that high overall root length density and selective root placement in nutrient patches, as two alternative strategies, confer competitive advantage in species mixtures. Methods We performed a full-factorial pairwise competition experiment with eight grassland species in soil with homogeneously distributed nutrients, or with nutrients concentrated in a single patch. We measured species-specific relative growth rate, root length density, selective root placement, and ion uptake rates of all species in monocultures and in mixtures. Results Grasses showed higher specific root length overall and forbs a higher selective root placement in the nutrient patch. However, relative growth rate and root length density were more strongly related to competitive ability (measured as relative yield per plant), with little distinction between grasses and forbs. Conclusions Our results suggest that short-term competitive success was related to fast growth and high root densities, irrespective of nutrient heterogeneity. Developing a large root mass quickly may overwhelm the importance of other traits in the establishment phase of plants, although these other traits may prove to be important in the long run.
Introduction
Functional traits of plants are increasingly incorporated in analyses of ecosystem functioning, such as plant productivity (Bardgett et al. 2014; Díaz et al. 2007; Reich 2014; Violle et al. 2007 ). Initially, most research focused on aboveground traits, but belowground traits are receiving increased recognition (Reich 2014) . A growing body of research is linking root traits to the resource economics spectrum, distinguishing acquisitive fast-growing plant species from conservative slow-growing plant species (Comas and Eissenstat 2009; Fort et al. 2012; McCormack et al. 2012; Reich 2014; Roumet et al. 2006) . Local competitive interactions are also hypothesised to be driven by plant traits. Again, the focus often is on aboveground traits and root traits have been little studied, except for selective root placement (SRP), the ability of plant roots to preferentially forage in nutrient hotspots (Cahill Jr and McNickle 2011 , de Kroon et al. 2003 , Hodge 2004 .
Selective root placement enables the plant to take up nutrients where the largest profit is to be expected and can be advantageous for performance under heterogeneous nutrient distributions (Cahill Jr and McNickle 2011; Hodge 2004; Hodge et al. 1999; Robinson et al. 1999; Shemesh et al. 2010 ). For example, showed that species with the highest SRP gained competitive advantage when nutrients were heterogeneously distributed in soil. However, several other studies have shown that species with the ability to selectively place roots in monoculture, do not always gain competitive advantage in mixtures (Bliss et al. 2002; Cahill and Casper 1999; Mommer et al. 2011; Rajaniemi 2007) . Moreover, as recently shown, the degree of SRP expressed in interspecific competition is not necessarily the same as in individually grown plants (McNickle et al. 2015) . This suggests that SRP is but one strategy that affects competitive interactions. Indeed, the production of an overall high root length density (RLD) has been suggested as a successful strategy for local competition for nutrients, particularly if these roots are cheap in terms of carbon investment (i.e. high specific root length (SRL) ; Hodge 2004) and are capable of high nutrient uptake rates per unit root length (Fransen et al. 1999; Mommer et al. 2011) . For example, (Mommer et al. 2011) showed, in an experiment with two grass species, that the species that produced the highest RLD overall, was more successful in competition in heterogeneous soils by taking up more nutrients than the species that selectively placed its roots in nutrient hotspots. Hence, plant species may display different strategies that may confer similar competitive advantages: SRP or high overall RLD.
Root traits are to some degree phylogenetically dependent (Cadotte et al. 2009; Kembel and Cahill 2005; Schroeder-Georgi et al. 2016) . Grasses generally have a higher SRL (Leuschner et al. 2013) , potentially achieving a higher RLD per biomass investment. Herbaceous species often show a stronger SRP response to nutrient patches than grasses (Farley and Fitter 1999; Kembel et al. 2008; Mommer et al. 2012 ), but interspecific variation within groups is high (Roumet et al. 2006) .
This brief overview underscores the current lack of consensus about what root traits confer advantage in competition. In most previous work, both the number of species investigated and the variety of traits measured was limited. Here, we aim to identify root traits that determine competitive success in pairwise competition for a set of eight grassland species. Species-specific root biomass in interspecific species pairs was determined, using molecular techniques (Mommer et al. , 2010 . This allows us to directly examine belowground plant performance in competition. We determined RLD, SRL, and root ion uptake activity (approximated by tracer element uptake) in monocultures under homogeneous and heterogeneous distribution of nutrients in the soil. We ask the following questions (see also Fig. 1a ):
1. Do phylogenetic groups, i.e. grasses and forbs, differ in root traits? We expect grasses to have higher SRL and RLD as well as higher nutrient uptake rates than forbs, and forbs to show higher SRP in heterogeneous soil. Fig. 1 a) Visual representation of two possible strategies of nutrient acquisition, and b) the experimental set-up of the experiment to test these strategies. a) The first strategy is a combination of high overall root length density (RLD) and high ion / nutrient uptake rates (left hand side); the second strategy is selective root placement (SRP) into nutrient-rich patches, and lower overall RLD (right hand side). b) In the experiment, we used pots with either heterogeneous (left hand side) or homogeneous (right hand side) nutrient distributions. Pots contained similar total amounts of nutrients (mostly in the form of potting soil), but in the heterogeneous treatment, these were concentrated in one quadrant (Q1). No barriers existed between the quadrants, so plants could grow freely into the patch or other parts of the pot. Plants were planted in Q2 and Q4 and belowground measurements were done in Q1 and Q3, the patch and opposite quadrant 2. How does performance in competition (both aboveground and belowground) depend on nutrient distributions and neighbor identity? 3. Can the outcome of competitive interactions be predicted on the basis of root traits? We expect forbs to be particularly successful in competition in heterogeneous soils as a result of high SRP, and grasses to win in homogeneous soils because of high root density combined with high uptake rates.
Materials and methods

Species selection
We selected eight species for this study: four grasses (Anthoxanthum odoratum, Festuca rubra, Phleum pratense and Poa pratensis) and four forbs (Centaurea jacea, Knautia arvensis, Leucanthemum vulgare and Plantago lanceolata), all common and frequently cooccurring grassland species in Western-Europe. Species will be referred to by their generic name from here on. Seeds were obtained from commercial suppliers (Rieger Hoffmann GmbH, Blaufelden-Raboldshausen, Germany and Saaten Zeller e.K., Riedern, Germany). Seeds were sterilized with chloride gas for 2:45 h and subsequently sown in seed flats on gamma-ray sterilized sand and kept moist with deionized water. Seeds were germinated in a climate chamber (14:10 light:dark, 22 ºC).
Growing conditions
Three weeks after seeding, plants were transplanted into pots of 2.4 L (17 cm diameter, 17 cm high; soil depth approximately 15.5 cm). Two plants were grown in all possible pairwise combinations (i.e. 36 combinations). At the start of the experiment, 15 seedlings per species (45 for Poa due to its small size) were harvested to quantify initial biomass (ranging from 0.50 mg (Poa) to 5.42 mg (Centaurea); Table S1 ). Plants were subjected to one of two soil treatments: either homogeneous or heterogeneous soil nutrient distribution. All pots were divided into four quadrants (Q1-Q4) with a metal frame to accommodate the filling of each quadrant with a specific substrate; this metal frame was removed after filling, hence no barriers existed in the pot during the growing period (Fig. 1b) . In the heterogeneous soil treatment, one quadrant of the pot (Q1, the so-called patch) was filled with nutrient-rich soil (a mixture of 1:4:1 (v:v:v) sand, loamy sand and potting soil) and the remainder of the pot (Q2-Q4, including the quadrant opposing the patch, Q3) was filled with a nutrient poor mixture (4:1 (v:v) sand and loamy sand. In the homogeneous soil treatment, the entire pot (Q1-Q4) was filled with a 'medium' mixture of both soils (13:7:1 (v:v:v) sand, loamy sand and potting soil), so that the total nutrient content of a pot would be similar in both the homogeneous and heterogeneous treatments. After filling the pots, two plants of the same or of different species were randomly assigned to and placed in the middle of Q2 and Q4 (home quadrants), respectively, leaving two quadrants (Q1 and Q3) unoccupied.
Extractable nitrogen (NO 3 --N and NH 4 + -N in mg kg -1 dry soil) was determined by adding 50 ml of 0.5 M KCl solution to soil samples (18-23 g fresh mass), shaking the mixtures for 1 h, and analyzing the nutrients in the filtered extracts (Auto Analyzer 3 system, Bran + Luebbe, Norderstedt, Germany). Extractable PO 4 3-was determined in 50 ml of 0.5 M NaHCO 3 solution (added to 4-6 g fresh mass, shaken for 0.5 h). Nutrient concentrations at the start of the experiment were 35.9 ± 3.5 (rich), 12.5 ± 4.1 (poor) and 26.3 ± 3.8 (homogeneous) mg NO 3 --N kg -1 dry soil; 9.0 ± 1.2 (rich), 3.3 ± 0.6 (poor), and 4.3 ± 0.5 (homogeneous) mg NH 4 + -N kg -1 dry soil; 31.5 ± 1.4 (rich), 11.4 ± 0.5 (poor) and 15.8 ± 0.4 (homogeneous) mg PO 4 3--P kg -1 dry soil. We measured from a separate set of pots without plants the release of N and P from the soil over time (t = 0, 1, 4 and 7 weeks; n = 4 per time point; see Figure S1 ). Nutrient concentrations were always different between soil types (all P < 0.01). Total extractable N and NO 3 -increased over the course of the experiment (P < 0.001) and were 2.5-3 times as high in the rich as in the poor soil at all times. Extractable PO 4 3-decreased somewhat over the course of the experiment in rich soil while it stayed the same in medium and poor soil (time x soil: P < 0.001); however, at t = 7 weeks, PO 4 3-concentrations in rich soil were still 2 times as high as concentrations in poor soil.
Each plant-soil treatment combination was replicated eight times, giving 576 pots, distributed over two blocks (n = 3 and n = 5) with a two-week time lag. Plants were grown for 8 weeks, and watered with deionized water three times a week or as needed. To avoid soil drying the amount of water was gradually increased over the course of the experiment as leaf surface area and transpiration increased.
Simultaneously with the first block, we grew single plants (1 per pot, n = 3-5, harvested after 59 days) in homogeneous soil, to estimate the potential relative growth rate (RGR) and background tracer values (see below). These were also to test whether single plants grow larger than plants in pairwise setting, to show that competition actually occurred in this experiment.
Tracers
To estimate nutrient uptake rates in monocultures and mixtures at the end of experiment from the patch (Q1) and opposite quadrant (Q3), we injected rubidium (Rb) and lithium (Li), two potassium-surrogate cations (Kabata-Pendias and Pendias 2000) , as tracers at the end of the experimental period (Casper et al. 2003; Hoekstra et al. 2014) . Rubidium was injected in Q1 and Li in Q3. In the middle of both these quadrants, a 9 cm deep, 3 mm wide hole was made using a thin wooden stick. Using a 10 ml dispenser, connected to a hollow needle with lateral holes at 1.5 cm from the tip, we injected 3.1 ml of 0.2 M rubidium chloride or lithium chloride solution at 7.5 cm depth in Q1 and Q3 (Fig. 1b) . This corresponded to 0.62 mmol pure tracer (52.99 mg Rb or 4.30 mg Li) per injection. The tracers were applied 46 h before harvest.
Harvest
Plants were harvested block-wise after 8 weeks growth. We harvested both aboveground and belowground biomass. Due to time constraints the 8 th replicate was only harvested aboveground. The aboveground material was cut at soil level, 46 h after RbCl and LiCl application. Subsequently, a 1.8 cm diameter soil core was taken in the middle of the patch and the opposite quadrant (Q1 and Q3), around the RbCl and LiCl injection points. Roots in this sample (39.4 cm 3 soil) were washed with care. Approximately 50 mg of fresh root material was then immediately frozen at -80 ºC and used for molecular quantification of species proportions in the sample . With these root cores, we captured 5-6 % of root mass in each quadrant (homogeneous Q1: 5.7 (± 0.11), Q3: 5.7 (± 0.14), heterogeneous Q1: 4.9 (± 0.34), Q3: 6.3 (± 0.36)). Subsequently, all quadrants of the pot were washed out separately using sieves of 0.2 mm gauze and roots were collected using tweezers. In the monoculture pots, a subsample was taken directly from total root mass of Q1 and Q3 for determination of SRL. These roots were stored in 0.01 % HgCl with 0.035 % Neutral Red to preserve and stain the roots, and were stored at 4 ºC for up to 5 weeks. Root length was determined from root scans (600 dpi, Epson Expression 10000 XL scanner, Regent Instruments, Quebec, Canada) using WinRhizo software (Regent Instruments). All shoot and root samples were dried at 65 ºC for at least 48 h and weighed (Sartorius, Nieuwegein, the Netherlands).
Molecular analysis of species proportions in mixed root samples
To estimate the proportion of each of the species in the mixed root samples in Q1 and Q3, we applied the RT-PCR method of Mommer et al. (2008) with specific adjustments for this experiment (Methods S1, Table S2 , Figure S2 ) . Species abundances were quantified for four replicates (one from the first and three from the second block). Root biomasses per species per quadrant (Q1 or Q3) were determined based on fresh mass of the root sample multiplied by the fraction of the species in that sample as determined by RT-PCR. Separate monocultures of all species (n = 5 per species, two plants per pot, 4:1 (v:v) sand: loamy sand soil mixture) were grown in the greenhouse for 8 weeks (December 2013 -February 2014 to determine the ratio between fresh mass and dry mass in roots. These ratios were used to calculate species-specific dry root mass per sample, hence, per quadrant.
Nutrient analyses: tracer concentrations
The dried aboveground material of four monocultures per species was pulverized. Up to 200 mg acid digested with 4 ml 65 % nitric acid, plus 1 ml 30 % hydrogen peroxide to start the digestion reaction (ETHOS laboratory microwave, Milestone S.r.L., Sorisole, Italy). The destruate was solved in 50 or 100 ml ultra-deionized water. Rb and Li concentrations in the destruate were measured with mass spectrometry (ICP-MS, Thermo Fischer Scientific, Waltham MA, USA). We recovered on average 3.04 ± 0.11 μmol Rb and 0.81 ± 0.04 μmol Li. This corresponds to 0.49 % of the Rb and 0.13 % of the Li injected per pot (620 μmol). Note that we did not measure Rb and Li concentrations in the roots of the plants, as roots were derived from both competing plants per pot together, and obtaining species-specific data would thus have been impossible in mixtures.
Calculations
Competitive success was approximated by aboveground biomass per plant, and the relative yield per plant.
Relative yield As a measure of performance in competition, we used Relative Yield per Plant (RYP, sensu Engel and Weltzin 2008) . This metric is calculated as
where Y ii is the biomass produced by the target i species in monoculture in homogeneous soil (functioning as a baseline in the most neutral conditions) and Y ij the biomass produced by the target species i in combination with neighbouring species j in either homogeneous or heterogeneous soil. If biomass per plant in interspecific competition is the same as in monoculture, then RYP = 1. If plants are less hampered by interspecific neighbours than intraspecific neighbours, RYP > 1 projects them as having advantage of competition, usually at the expense of the competitor. The competitive hierarchy was determined by mean RYP of the target species, from high to low.
Relative growth rate (RGR) Selective Root Placement (SRP) and plant performance are affected by potential RGR resulting in size differences between species at harvest (Fransen et al. 1999) . We therefore included differences in RGR in the analyses of plant performance. RGR was calculated from single plants in homogeneous soil, as
with t 1 being the start of the experiment, t 2 the day the plants were harvested (59 days after t 1 ), W 1 the mass of a seedling at planting, and W 2 the dry aboveground mass at harvest.
Root traits SRL in monoculture was calculated based on scanned subsamples as root length per gram dry root mass. RLD was based on root mass per quadrant (species proportions from RT-PCR analysis, see above) and mean SRL in monoculture per species.
We calculated Selective Root Placement (SRP) per individual based on species-specific root biomass in Q1 (nutrient-rich patch in the heterogeneous treatment) and Q3 (opposite quadrant with background soil), as biomass Q1−biomass Q3 biomass Q1 þ biomass Q3
This metric can range between 1 (all biomass in Q1) and -1 (all biomass in Q3). An SRP of 0 means that the plant did not specifically place more roots in either of the quadrants.
Cation uptake rates in monocultures were calculated from concentrations in the aboveground plant material (see above: Nutrient analyses), total aboveground biomass, and root length in the core/sample in Q1 and Q3, respectively, and expressed as μmol m -1 root 46 h -1
. Kanalogues have comparable mobility in soil as K, with Li probably somewhat more mobile than Rb (Hoekstra et al. 2014 ).
Statistical analysis
All statistical analyses were performed in R version 3.1.2 R-Core-Team (2014)). Linear mixed-effects models were constructed using the function 'lme' of the package 'nlme'; simple linear models were constructed using 'lm' of the package 'stats'. ANOVA summaries (sequential; type I sums of squares, and marginal; type III sums of squares) were obtained with 'anova' from 'stats'. All models described below were split for factor levels when appropriate.
To test hypothesis 1, we analyzed differences in trait values between monocultures of the eight species, for both phylogenetic group (grasses vs forbs) and overall species differences. Six (root) traits, being potential RGR in single plants, and SRL, mean RLD over Q1 and Q3, SRP (mass in Q1 relative to mass in Q1 + Q3 together), Rb uptake rate from Q1 and Li uptake rate from Q3 from monocultures were analyzed with mixed-effects models. Species was a fixed factor and was tested for all traits independently; or when testing phylogenetic group effects, the factor 'species' was replaced with a two-level fixed factor coding for grass or forb. The treatment nutrient distribution was analyzed differently for different traits: nutrient level of the patch (three levels: rich, poor and homogeneous, the latter the average from the two quadrants in the homogeneous treatment) was tested for SRL and RLD, whereas for Rb and Li uptake rates two levels were compared: homogeneous and heterogeneous pots. Potential RGR was analyzed only between species, as this was measured on single plants in homogeneous soil only. SRP was analyzed between species on heterogeneous soil only. For SRP values it was additionally assessed whether they deviated from 0 with a one-sided t-test (function 't.test' from the package 'stats'). SRL, RLD and Rb and Li uptake rates were log-transformed to meet assumptions of ANOVA; SRP and RGR were analyzed as untransformed values.
We tested the correlations between these traits with simple Spearman's correlation tests between species means, for homogeneous and heterogeneous nutrient distributions separately. We also tested how the traits measured in monoculture were correlated to traits in mixture.
To confirm that competition affected individual plant biomass, we tested if individual biomass aboveground was reduced in competition compared to when growing alone. We tested this on square-root transformed biomass with mixed-effects ANOVA, with species and growing conditions (single or intraspecific competition) as fixed factors, and block as random factor.
To test hypothesis 2, we analyzed the effects of neighbor species and nutrient distribution on biomass. Belowground biomass per core (in Q1 or Q3) was square-root transformed and analyzed with a mixedeffects model, with target, neighbor and soil nutrient level of the patch (three levels: rich, poor and average homogeneous) as fixed factors and quadrant within pot within block as random part of the model (to account for multiple measurements on two individuals per pot).
Aboveground biomass (square-root transformed) was analyzed with a mixed-effects model, with target, neighbour and nutrient distribution (homogeneous or heterogeneous) as fixed factors, and pot within block as random model. A significant interaction between target and neighbour would indicate different competitive outcomes depending on neighbour species. An interaction between target, neighbour and nutrient distribution would indicate that this competitive outcome differs between nutrient distributions.
To test hypothesis 3, we assessed whether trait values were correlated to competitive success in mixtures. We defined competitive success as the RYP of each plant. We used the traits potential RGR, SRP (only in heterogeneous soil), RLD (mean of Q1 and Q3), Rb uptake rate and Li uptake rate. We tested correlations among the monoculture values of the traits of interest (Table S4 ) and found that the values were correlated, but mostly not significantly, and with low correlation coefficients. Therefore, we deemed it acceptable to use them all as independent factors in multiple regression models. We did not include SRL in the analyses for two reasons. First, we could measure this trait only in monocultures, not in interspecific mixtures. Second, SRL was the only trait with a strong positive correlation with RGR and a strong negative correlation with SRP (Table S4) ) . Then, to detect differences between phylogenetic groups according to our hypothesis 3 (Fig. 1a) , models were also created for grasses and forbs separately. In the homogeneous nutrient distribution, SRP was omitted as an explanatory variable. For all these models, we performed step-wise model reduction using the function stepAIC from the 'MASS' package in R. This function uses Akaike's Information Criterion (AIC; Akaike 1974) to compare models and stops reducing a model when this gives no further decrease in the AIC. We tested both the full models and the step-wise reduced models with a type III ANOVA.
Results
Trait values in monocultures
Species differed in trait values in monoculture, mostly as hypothesized under (1). Relative growth rate (potential RGR) was significantly different among species (F 7,31 = 41.46, P < 0.001) and between grasses and forbs, with grasses on average having the higher RGR (F 1,37 = 13.80, P < 0.001) (Fig. 2a) . Selective root placement (SRP) differed significantly among species (target: F 7,22 = 5.93, P = 0.001) (Fig. 2b) , and between forbs and grasses (F 1,5528 = 18.16, P < 0.001). SRP was on average significantly higher than 0 for forbs (t 31 = 5.35, P < 0.001), but lower than 0 for grasses (t 29 = -2.39, P = 0.023). Root length density (RLD) was significantly different among species (F 7,51 = 6.45, P < 0.001), without a significant difference between grasses and forbs (F 1,57 = 0.83, P = 0.367) (Fig. 2c) . In addition, differences between species depended on soil nutrients (target x soil: F 14,15 = 2.79, P = 0.029). The latter effect also occurred at the phylogenetic group level (FG x soil: F 2,27 = 9.96, P < 0.001): forbs overall had lower root mass in poor than in rich or medium soil (F 2,14 = 11.41, P = 0.001) while the grasses did not show significant differences in RLD between soil types (Fig. 2b) .
Specific root length (SRL) (Fig. 2d) was significantly different among species (F 7,96 = 13.35, P < 0.001) with grasses overall having higher SRL than forbs (F 1,102 = 53.38, P < 0.001). However, no significant differences in SRL were found between soil types (F 2,73 = 1.02, P = 0.365).
Rubidium uptake rate from Q1 (the 'rich' quadrant; μmol m -1 root 46 h -1
) was significantly different between species (F 7,43 = 4.28, P = 0.001) (Fig. 2e) . On average, uptake rates were higher in grasses than in forbs (F 1,55 = 9.01, P = 0.004). None of the species showed a significantly different uptake rate in heterogeneous compared to homogeneous nutrient distribution. Fig. 2 Values of traits of all species, measured in monoculture (SRL, RLD, SRP, Rb uptake rate and Li uptake rate) or as isolated plants (potential RGR). RLD and SRL (panels c, d) were measured in rich soil and poor soil (both from heterogeneous nutrient distribution) as well as in medium soil (from homogeneous nutrient distribution). Uptake rates (panels e, f) were measured both in heterogeneous and homogeneous nutrient distribution. Different letters above sets of bars indicate significant differences between species means. Stars indicate significant differences between treatments within species. Error bars indicate 1 SE. Species: Ao = Anthoxanthum odoratum, Fr = Festuca rubra, Phl = Phleum pratense, Poa = Poa pratensis, Cj = Centaurea jacea, Ka = Knautia arvensis, Lv = Leucanthemum vulgare, Pl = Plantago lanceolata Lithium uptake rates from Q3 (the 'poor' quadrant; μmol m -1 root 46 h -1 ) were also different among species (F 7,43 = 2.34, P = 0.040) (Fig. 2f) . There was no overall difference in Li uptake rates between grasses and forbs (F 1,55 = 1.08, P = 0.304). However, in contrast to Rb uptake rates, species responses to nutrient treatment (hence, poor or homogeneous soil) were different for Li uptake rates (target x nutrient: F 7,43 = 2.94, P = 0.013). In general, the relationships between the different traits in monoculture were weak (Table S4 ).
Species performance under competition
Competition occurred between individuals in pairwise setting, as they were on average 40 % smaller than single plants, except for the smallest species, Poa ( Figure S3 ; Table S3 : competition: F 1,143 = 27.54, P < 0.001).
Both belowground biomass per quadrant ( Fig. 3 ; Table 1 ), and aboveground biomass ( Fig. 4 ; Table 2) were significantly different between species, both overall (Table 1 and 2) and in monocultures (not shown). Neither aboveground nor belowground biomass depended on nutrient distribution.
Both belowground and aboveground, target species biomass was dependent on neighbour. Belowground, the effect of neighbour on root biomass differed between target species (significant target x neighbour), meaning that the competitive relationships were not fully hierarchical (i.e., it differed depending on the target species considered). However, the effect of neighbour or the competitive hierarchy was not affected by soil type (significant neighbour x soil and target x neighbour x soil interactions). Aboveground, the competitive responses were hierarchical, as the effect of neighbour identity was similar for each target species (no target x neighbour interaction). This hierarchy was also not affected by soil nutrient conditions, contrary to our hypothesis 2. The aboveground competitive response hierarchy could be defined as Plantago > Leucanthemum > Anthoxanthum > Phleum > -Poa > Festuca > Knautia > Centaurea. RYP ranged from 1.27 ± 0.03 in Plantago, to 0.71 ± 0.03 in Centaurea.
Traits related to competitive success
Potential RGR and RLD were the two traits that best explained species competitive ability, measured as Relative Yield per Plant (RYP) ( Table 3 ). This was the case both when looking at mean monoculture trait values and trait values measured in mixtures. RGR and RLD were well correlated between mixtures and monocultures (Table S5 ; correlation coefficients 0.42 -0.69). The percentage of explained variation in the regression models was higher for mixture trait values than for mean monoculture values (Table 3 ; 2-37 % versus 11-49 %). In models of grasses and forbs together, the effect of either RGR or RLD (or both) differed between phylogenetic groups (shown by a statistical interaction), which is why we split the models between phylogenetic groups. Nevertheless, RGR and RLD appeared as best explanatory variables for all species together and also for forbs and grasses separately, as well as for homogeneous and heterogeneous soils. SRL, not included in the models, may have contributed to competitive success, given its positive correlation with RGR (Table S4) . Fig. 3 Belowground root mass per quadrant of all species against all competitors, in three soil types (rich and poor from the heterogeneous nutrient distribution, and medium soil from the homogeneous nutrient distribution). Each panel (a-h) represents a target species with bars for biomass when grown with eight different competitor species. The intraspecific competitor (monoculture) is underlined. The dashed line is at the level of monoculture biomass in homogeneous conditions. Stars indicate significant differences between soil types within a speciesneighbor combination. Error bars indicate 1 SE. Competitor species: Ao = Anthoxanthum odoratum, Fr = Festuca rubra, Phl = Phleum pratense, Poa = Poa pratensis, Cj = Centaurea jacea, Ka = Knautia arvensis, Lv = Leucanthemum vulgare, Pl = Plantago lanceolata. Note the differently scaled y-axes for Poa and Plantago
Other traits hardly contributed to explaining the variation in competitive ability between species. Rb and Li uptake rate almost invariably dropped out during model reduction, indicating that these traits did not explain much variation in RYP. In heterogeneous soils, positive correlations between RYP and SRP were not observed in reduced models, also not for forbs as hypothesized. Despite some interactions of RGR and RLD with Fig. 4 Aboveground biomass (g per plant) of all target species against all competitor species, in homogeneous and heterogeneous nutrient distributions. Each panel (a-h) represents a target species with bars for biomass with eight competitor species. The intraspecific competitor (monoculture) is underlined. The dashed line is at the level of monoculture biomass in homogeneous conditions. Biomasses above this line translate to RYP > 1; biomasses below this line translate to RYP < 1. Different letters above sets of bars indicate significant differences between species means. Stars indicate significant differences between treatments within species. Error bars indicate 1 SE. Competitor species: Ao = Anthoxanthum odoratum, Fr = Festuca rubra, Phl = Phleum pratense, Poa = Poa pratensis, Cj = Centaurea jacea, Ka = Knautia arvensis, Lv = Leucanthemum vulgare, Pl = Plantago lanceolata phylogenetic group, we found that forbs and grasses did not markedly differ in the traits conferring competitive ability in this experiment.
Discussion
Root traits: Species-specific vs. phylogenetic group differences Our trait analyses clearly showed plant species differ in root traits, confirming our first hypothesis. Interestingly, for some traits the differences mainly occurred between phylogenetic groups (selective root placement, SRP; specific root length, SRL), while for others no differences between phylogenetic groups were found (root length density, RLD) despite clear differences between species. Taken together, our results suggest that the functional distinction between grasses and forbs, commonly treated as two functional groups (Kembel and Cahill 2005; Roscher et al. 2004; Tilman et al. 1997) holds for some root traits, but not for others. This may explain why a functional group approach to effects of species richness is successful in some cases (e.g., Marquard et al. 2009 ), but not in others (e.g., Wright et al. 2006) . The importance of traits for the ecological process under study will determine whether a functional distinction in grasses and forbs will prove useful.
Competition belowground and aboveground
Overall, we found a clear competitive hierarchy, with grasses and forbs mingled along the hierarchy. Despite differences in root traits, grasses and forbs did not occupy different positions in the competitive hierarchies of homogeneous and heterogeneous soil nutrient conditions. The competitive hierarchy was most marked aboveground, independent of target-neighbor combinations. Belowground, the performance of species in competition was significantly affected by both neighbor identity and nutrient distribution. Although we watered frequently and avoided dry soil throughout, water availability and differences in water availability between the patch and background soil could have influenced the competitive outcome. Despite this, it showed strong similarities to the aboveground hierarchy.
The consistent competitive hierarchy aboveground suggests that plastic root responses buffered aboveground biomass against the effects of soil heterogeneity and interspecific competition on root biomass. Generally, plants are capable of highly plastic root responses to a variety of soil conditions, while achieving similar performance aboveground (Jansen et al. 2006; Mommer et al. 2011; Padilla et al. 2013) , suggesting that root traits might have compensated for differences in soil conditions in our experiment. However, we did not find that different traits could explain competitive success in homogeneous vs. heterogeneous soils (see below).
Linking competition to traits
In the present experiment, we showed that potential RGR and RLD were overall the best explanatory variables for competitive success. High RGR results in large plants, and plant competitive success is usually found to be correlated with size (size-symmetric, or beyond: sizeasymmetric; Casper and Jackson 1997) . In the present study, we also found that size of the root system (measured as RLD) conferred competitive success, and RLD in monoculture was a good predictor for species-specific RLD in mixtures. This is in accordance with findings of the importance of RLD for competitive ability, both in homogeneous (Casper and Jackson 1997; Rajaniemi 2007) and heterogeneous (Mommer et al. 2011 ) soils.
We found that SRP explained very little variation in competitive success. Between phylogenetic groups, it was positively related to RYP, because forbs, showing higher SRP, did a bit better in the competitive hierarchy on average. However, within phylogenetic groups, it was not (grasses) or negatively (forbs) correlated to RYP. Also, in contrast to RLD, SRP in monoculture Table 3 This table shows all models that we tested to explain competitive success (RYP) by traits measured (on the left) in monoculture (mean) and SRP in mixtures correlated poorly. This adds to the observation of McNickle et al. (2015) that SRP in single plants did not predict SRP in plants in competition. Together, these results may very well be an explanation why previous experiments measuring SRP sometimes yielded such contradictory results (Bliss et al. 2002; Cahill and Casper 1999; Mommer et al. 2011) . Contrary to our hypothesis 3, neither Rb nor Li uptake rates from either the rich patch or the opposite quadrant (Q1 and Q3) were linked to competitive success. Size-related traits (i.e. potential RGR and RLD) seemed to be overwhelmingly more important for competitive success than nutrient uptake rates. However, due to the variation in the data, some caution should be taken regarding interpretation of the Rb and Li uptake rates. It is possible that, in the present experiment, cation transfer to the shoot was still in progress, given the low concentrations in the shoot (0.49 % of the Rb and 0.13 % of the Li injected). Hence, these may not be a good representation of uptake rate, even though a twoday period is generally sufficient to detect relevant differences in pot experiments (Hoekstra et al. 2014 ).
Consequences for field situations
Are traits in competition important for community composition in the field and long-term dynamics? Kraft et al. (2015) showed that values in some traits, including rooting depth, were correlated to average fitness differences between species in a one-year field experiment with pairwise competition. The few short-term competition experiments provide us with mixed evidence. Our study shows that some root traits such as uptake rates and SRP correlate poorly to competitive success. However, Fort et al. (2014) showed that the more dissimilar species were in their root trait values, the higher the intensity of competition. This would imply that the weaker competitors in our study (e.g. Centaurea, Festuca, Poa) would simply be outcompeted in the field. Nevertheless, many species coexist for extended periods of time in field situations. This discrepancy might originate firstly from the different importance of traits in the short and the long term, or alternatively from the poor predictive value of single traits per se.
Firstly, on the longer term, other root traits may be more important for competitive success than on the short term. The species used in the present experiment have to some degree different strategies. All species we used in the present experiment occur in the Jena Biodiversity Experiment (Roscher et al. 2004 ) and some as well in the Wageningen biodiversity experiment (van Ruijven and Berendse 2003) , in monocultures and mixtures of 1-60 or 1-8 species, respectively. In these experiments, their competitive performance is not necessarily what we would expect from the present experiment. Some species were dominant in the beginning but lost ground on the long term (Leucanthemum, Knautia; Marquard et al. 2009 ), while others increased over time (Centaurea, Plantago; van Ruijven and Berendse 2005) . Traits contributing to competitive success in the long run may not be detectable in the short term establishment phase such as in our experiment.
Alternatively, single root traits might be useful to predict competitive success in species pairs (Fort et al. 2014; Kraft et al. 2015) , but not to predict what will happen in multi-species communities. Recently, a study linked a large set of traits measured in singlegrowing plants to field performance. An analysis on 35 traits of 57 different species showed that root traits significantly improved models that predicted species performance of both single plants in pots and monoculture plots in the field (Schroeder-Georgi et al. 2016) . However, the outcomes of multi-species interactions are difficult to predict using traits. Kraft et al. (2015) showed that single traits were poorly correlated to niche differences in the field, and that only combinations of traits could describe niche differences in multiple ecological dimensions. Long-term experimental studies investigating species interactions will be needed to improve our understanding of the relationship between functional traits and competitive success in grasslands.
